The suicide plasmid pfdA31-Tn5 was constructed to mutagenize Erwinia amylovora and Escherichia coli strains by electroporation. This vector carries the bacteriophage fd replication origin, a 0-lactamase gene and the transposon Tn5. For propagation the plasmid depends on host cells producing fd gene-2 protein.
INTRODUCTION
In order to use a transposon as an efficient mutagenic agent, a suicide replicon that carries the transposon and can efficiently be introduced into the organism to be mutagenized is advantageous. Many methods have been developed for transposon-mediated mutagenesis in Escherichia coli and other bacteria (1) . A widely used system is infection of suppressornegative Escherichia coli strains with a replication-deficient Xphage carrying transposon Tn5, preferably with a reporter gene (2)-Other Gram-negative bacteria can also be infected with phage X, provided that the receptor gene, cloned as lamB on a helper plasmid, is efficiently expressed in the cells. In the species Erwinia, some isolates of the subspecies carotovora have been mutagenized with transposon Tn5 on phage X (3). For Erwinia amylovora the efficiency of transposition in the phage X-system has been found to be low (4, 5) . Tn5-carrying plasmids based on the colEl-replicon were used to mutagenize Rhizobiaceae following delivery of the vector plasmid by conjugation (6) or Caulobacter after electroporation (7) . Most E.amylovora-strains propagate colEl-plasmids. We have therefore used a strain lacking that ability in order to introduce pBR-based plasmids with Tn5 by conjugation. Alternatively, we used a transfer-constitutive Ti-plasmid with Tn5 for transposition in E.amylovora (8) . A disadvantage of this method was the tendency of the donor bacterium, Agrobacteriutn tumefaciens, in conjugation experiments to grow slowly on agar plates with one antibiotic for counterselection. Further, transposition of Tn5 occurred with only moderate efficiency.
Earlier we have described a vector system derived from bacteriophage fd (9) . The vectors lack the viral gene 2 which has to be expressed in trans in order to propagate these plasmids in their host cells. Mobilization of pfd-plasmids into nonpermissive strains occurs with a hundred-to thousand-fold lower efficiency than with pBR-based plasmids (Geider et al., manuscript in preparation) . This property abolishes the usefulness of pfd-plasmids for mutagenesis of E.coli or E.amylovora-strains via plasmid transfer. However, the general use of electroporation to transfer DNA into all kinds of bacteria (10, 11) has given us a tool to deliver transposon Tn5 on a pfd-plasmid into both bacterial species. We have applied this method to create transposon mutants in galactose metabolism and in the shikimic acid pathway of E.amylovora. In addition, we have efficiently transferred cloned DNA carrying a transposon Tn5 insertion into another strain and screened for homologous recombination.
METHODS

Bacterial strains and plasmids
These are listed in Table 1 . Plasmid pfdA31 with the replication origin from bacteriophage fd and the /3-lactamase gene for Apresistance, which originated from pBR322, was derived from plasmid pfdA3, which was cleaved with restriction endonuclease Haell, ligated and transformed into the fd gene 2-protein producing strain C600-2. This construction deleted the Km gene of pfdA3. The derivative was named pfdA31. Plasmid pfdA31-Tn5 was formed by ligating an £coRI-fragment with transposon Tn5 in a 0.8 kb £coRI fragment (Q) of the Ti-plasmid (12) into the EcoRI-site of pfdA31. Plasmid pfdA31-Tn5 has a size of 8.4 Kb (Fig. 1) .
Preparation of DNA
The pfd-plasmids were propagated in E.coli strain C600-2Sm and purified by standard CsCl-ethidium bromide gradient centrifugation (13) . Chromosomal DNA was isolated by a modification of standard procedures (13) from 2 ml of suspension culture by lysozyme/sarcosyl-lysis of the cells, phenol/chloroform/iso-amylalcohol extraction and ethanol precipitation.
Media and antibiotics SOC-medium: 2% (w/v) Bacto Tryptone, 0.5% (w/v) Bacto Yeast Extract (Difco), 10 mM NaCl, 2.5 mM KC1, 10 mM MgCl 2 , 10 mM MgSO 4 , 20 mM glucose; EaMM-medium was the minimal medium of Steinberger and Beer (4), where glucose was replaced by 10 g sorbitol per litre. St. I is Standard Imedium (Merck, Darmstadt). LB is Luria-Bertani broth. Antibiotics were used at the following concentrations: kanamycin (Km) at 50 /ig/ml, ampicillin (Ap) at 100 jtg/ml, carbenicillin (Cb) at 100 /ig/ml, streptomycin (Sm) at 500 /ig/ml.
Electroporation procedures
Bacteria were grown in LB medium at 37°C (E.coli) or 28°C (E.amylovora) to a density of 0.5-0.8 OD 590 . The cells were harvested by centrifugation and washed three times with 10 mM Hepes (pH 7.0), one time with 10% (w/v) glycerol and then resuspended in 10% (w/v) glycerol such that the original culture was concentrated 500 fold (3 to 5 X10 10 cfu/ml). The cells were stored at -80°C. The cells were thawed on ice and a cold DNAsolution (2 fi\ with 700 ng pfd A31-Tn5 DNA in H 2 O) was mixed with 40 fi\ of cells and incubated for three minutes on ice before the solution was placed into an electroporation cuvette using a flexible micro capillary tip carefully avoiding air bubbles. An electric pulse was applied at one of four field strengths: 10 kV/cm, 12.5 kV/cm, 20 kV/cm and 25 kV/cm using cuvettes with an interelectrode distance of 0.2 or 0.1 cm. The Pulse 
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Controller setting was varied from 100 to 1000 Q. The capacitor was adjusted to 25 jtF. After the pulse the cells were immediately diluted in 960 jtl SOC medium and incubated at 37°C or 28°C for 1 hour in a rotary shaker. The cells were then further diluted and plated on selective agar.
Other techniques
Standard procedures for DNA manipulations were used (13) . For hybridization, chromosomal DNA was digested with EcoKl, separated on a 0.6% (w/v) agarose gel and the fragments transferred to a nylon membrane. The probe was digested with the restriction enzyme Haelll and labeled with digoxigenin-11-dUTP (Boehringer-Mannheim). Hybridization was detected by a luminescence-method (Boehringer-Mannheim). Growth inhibition by (L)-2,5-dihydrophenylalanine (DHP) around colonies of E.amylovora was monitored with the cold-sensitive E.coli strain RS165 (14) . The indicator bacteria were grown in minimal medium at 42°C for 18 h. One ml of culture was pipetted on the surface of Asp-agar (15), excess liquid was removed, the plates were dried on the surface in a stream of steril air and then inoculated with f.awy/ovora-strains. The plates were incubated for 24 h at 26°C and then for 18 h at 42°C.
RESULTS AND DISCUSSION
Electroporation of permissive E.coli cells with plasmid pfdA31-Tn5
Due to the dependency of plasmid pfdA31-Tn5 on bacteriophage fd gene 2-protein for propagation, it can only replicate in bacteria with gene 2-protein synthesis, i. e. the pfdA plasmids are suicide vectors for Gram-negative bacteria unless fd gene 2 has been artificially introduced. Strain C600-2Sm was electroporated with plasmid pfdA31-Tn5 using a field strength of 12.5 kV/cm and various pulse lengths (Table 2 ). Transformation frequency under these conditions was as high as 10~' indicating that more than 10% of the surviving cells were transformed by the pfd-plasmid. This high frequency of bacterial transformation was a good basis to deliver plasmid pfdA31-Tn5 into non-permissive cells in order to obtain large numbers of Tn5-mutants. fdori *Sm, resistance to streptomycin **ams, amylovoran synthesis, production of the acidic exopolysaccharide of E.amylovora Efficiencies of transposition of Tn5 in an E.coli strain Electroporation of the E.coli strain C600Sm was performed under various conditions of electric field strength and pulse length. For transposition of Tn5 700 ng plasmid pfdA31-Tn5 in 2 jd was used per 40 /tl cell suspension. A reduction of plasmid concentration in a wide range resulted in a gradual decrease of the numbers of transpositions, whereas higher concentrations did not further improve the system. Fig. 2A shows the transposition efficiency for Tn5 in E.coli strain C600Sm under various pulse conditions. At four different field strengths the time constant was varied from 4.6 to 22 msec. High numbers of Km-resistant colonies were obtained for 20 kV/cm and a pulse length of 5 to 12 msec. For 25 kV/cm and 5 msec even more transposition events were obtained, but the transposition efficiency drastically decreased when the pulse length exceeded 5 msec. At a field strength of 10 kV/cm and 12.5 kV/cm transpositions events occurred at low frequency. Survival of bacteria after electroporation was barely affected at 10 or 12.5 kV/cm and increasing pulse length (Fig. 2B) . Survival of strain C600Sm electroporated at 25 kV/cm with a pulse of 4.6 msec was 64%. When the pulse time was raised to 10.5 msec, survival decreased to 4.5%. At high field strength the survival rate was much more affected by increasing the time constant than at low field strength. Transposition was optimal at 20 kV/cm, whereas 25 kV/cm caused considerable cell death at time constants exceeding 5 msec, which corresponded to the drop in the transposition rate. Furthermore, the application of the highest field strength caused problems in reproducing the treatment due to premature discharge in the 0.1 cm cuvettes.
When 700 Km-resistant transformants were tested for the presence of the intact vector, approximately 10% of the Kmresistant clones were Ap-resistant. Most likely, the plasmid may exist as a cointegrate with the transposon.
Assuming an uptake of plasmid pfdA31-Tn5 by the permissive strain C600-2Sm by 10% of the bacteria during electroporation, transposition of Tn5 in strain C600Sm occurred at a frequency of 10"
3 . This exceeds the rate observed for phage X^ carrying Tn5 which transposed in the range of 10~4 to 10~5 (1). Unlike with phage X^, transposition with plasmid pfdA31-Tn5 as vector can be also found in E.coli strains with suppressor activities.
Transposon-mutagenesis by electroporation of E.amylovora strains We have extended the application of plasmid pfdA31-Tn5 for mutagenesis of E.coli strain C600Sm to E.amylovora strains. The results for two strains are given in Table 3 transpositions in strain Ea7/74Sm exceeded those in E.amylovora strain Eal/79Sm by a factor of 20 with the highest yield at 25 kV/cm and a pulse of 5 msec. However, E.amylovora strain Eal/79Sm gave lower transposition recombinants than E.coli strain C600Sm. The highest yield for Eal/79Sm was obtained with an electric field of 12.5 kV/cm. Increasing the field strength resulted in a drop of transposition efficiency, even at a short pulse length (Table 3) . Further, E.amylovora strain Ea7/74Sm survived electroporation better than strain Eal/79Sm. 1 % of kanamycinresistant colonies of both strains possessed the Ap-resistance of the vector plasmid, which was 10 times lower than found for E.coli C600Sm. The number of transposition events after electroporation with plasmid pfdA31-Tn5 exceeded the yield obtained with conjugative systems like the transfer-constitutive Ti-plasmid pGV3100::Tn5 (8) by several orders of magnitude. Further, the more efficient plasmid pSUP201-Tn5, which was used before, was restricted to strain Ea7/74 as a conjugative suicide plasmid and also showed a tendency to produce Apresistant cells for about half of the Km-resistant colonies. The vector was gradually lost during replica plating. These other systems are, therefore, labor intensive and/or time consuming to grow up the mutant colonies. An added benefit of electroporation is, there is no contamination of mutants by donor cells, as can occur after conjugation. Accordingly, the recipient cells do not have to carry an antibiotic marker for counterselection. We used the Sm-resistance marker in our experiments to facilitate confirmation of Km-resistant colonies as mutants of the parent strain labeled with Sm-resistance and to select the bacteria in subsequent genetic manipulations. E.amylovora and E.coli cells can be stored frozen at -80°C at least for six months while maintaining good transformation capacity.
Creation of Tn5-mutations in the E.amylovora galE-gene E.amylovora strain Ea7/74Sm and Eal/79Sm were electroporated with plasmid pfdA31-Tn5. Mutagenized cells were transferred from St. I-agar with kanamycin (20 /ig/ml) to minimal medium with galactose as sole carbon source. The inability of cells to grow under these conditions was used as an indicator for a possible defect in galactose catabolism. Putative ga/-mutants were then transferred to minimal medium with sorbitol as carbon source. Mutants able to grow on sorbitol and not on galactose were further characterized for a defect in a ga/-gene. One mutant (Eal/79Sm-Ml) out of 2000 Km-resistant colonies was not able to synthesize exopolysaccharide (EPS), which consists mainly of galactose (16) and was therefore assayed for production of the enzyme UDP-galactose 4-epimerase and for complementation with the E.stewartii plasmid pES2144 (17) ( Table 4 ). The enzyme assay showed a lack of epimerase activity. Plasmid pES2144, which carries the galE, but not the galK and galT genes, was able to complement the mutant for growth on galactose. In E.stewartii the galE gene is separated on the chromosome from the galK and gatY genes, which are organized in an operon for E.coli (18) . The deficiency in EPS synthesis of Eal/79-Ml was also restored by plasmid pES2144. Thus, the defect in the galactose metabolism of the mutant was complemented by the ga/E-gene of E.stewartii, consistant with insertional inactivation by Tn5 of the galE gene in the Eal/79Sm-Ml mutant.
Creation of an E.amylovora mutant defective in dihydrophenylalanine synthesis Some E.amylovora strains produce the phytotoxin (L)-2,5-dihydrophenylalanine (DHP) (19) . The DHP-positive strain Ea273 was used for transposon mutagenesis with plasmid pfdA31-Tn5 by electroporation. The yield of Tn5-insertions was 166 colonies per /ig plasmid-DNA at a field strength of 12.5 kV/cm and a pulse length of 5 msec. The efficiency of mutagenesis was approximately 100-fold lower than for E.amylovora strain Eal/79 for the same electroporation conditions, similar to results obtained with the DHP-producing strain E9. It appears that properties of a specific isolate of E.amylovora have a strong influence on transposition efficiencies. The restriction/modification system of E.amylovora does presumably not affect the insertion frequency, because it closely resembles that of E.coli K12 strains (S. Walter and K. Geider, unpublished). From two electroporations of strain Ea273, 354 Km-resistant mutants were assayed for DHP-production by thin layer chromatography and HPLC (19) . A reduction of DHPsynthesis was noticed for several mutants, and one mutant failed to produce any DHP. These effects are consistant with the multiple enymatic activities involved in the shikimate pathway responsible for DHP biosynthesis (19) . The loss of DHP-synthesis in one strain, Ea273-DHP63, was confirmed in another assay system. When the cold-sensitive E.coli strain RS165 was used as indicator on minimal agar, a zone of growth inhibition was observed for the DHP-producing strain Ea273, but not for the DHP-negative strains Ea7/74 and Eal/79 (Fig. 3) . The DHPmutant Ea273-DHP63 also did not produce the growth inhibition zone and was additionally assayed for pathogenicity symptoms on pear seedlings and on pear slices. No change compared to Ea273 was observed in blackening of shoots and in production of ooze on pear slices. Recombination of a transposon-insertion cloned in plasmid pfdA31 with chromosomal DNA of an E.amylovora strain A set of mutants was created in E.amylovora strain Ea7/74, which were deficient in bacterial EPS-production (8) . We wanted to transfer the Tn5-insertion of mutant Ea7/74Sm-A33 into strain Eal/79Sm in order to confirm the EPS~-phenotype of mutation A33 in another E.amylovora strain. The transposon insertion was localized in a 5.2 kb £coRI fragment and cloned in cosmid pHC79 (20) . The fcoRI fragment with Tn5 was subcloned in pfdA31 and the new plasmid named pfdA31-FA33. Eal/79Sm cells were electroporated with this plasmid using a field strength of 12.5 kV/cm and a pulse of 4.8 msec. Km-resistant colonies were assayed for maintenance of the Ap-resistance carried on the vector plasmid and for EPS-production on minimal agar (Table 5 , upper panel). 7% of the colonies had lost the vector plasmid and displayed an EPS~-phenotype (class A). These mutants were presumably derived as a result of marker exchange by homologous recombination. Another group of colonies (class B) was Km-resistant, Ap-sensitive and produced EPS. They were probably derived from transposition events out of plasmid pfA31-FA31 into the genome of the recipient strain. The two signals in lane 6 of Fig. 4 may be the result of two transposition events. The remainder of the colonies (class C) (approx. 50%) were Km-and Ap-resistant and produced EPS. They probably represented cointegrates of plasmid pfdA31-FA31 and the bacterial chromosome.
The cellular events after electroporation of strain Eal/79 with pfdA31-FA33 were further characterized by hybridization with DNA from transposon Tn5 and plasmid pfdA31. Using plasmid pfdA31 -Tn5 as probe, cells of class A showed a signal at 11 kb, confirming the presence of Tn5 in a 5.2 kb £coRI-fragment (Fig. 4) . This 11 kb-band was not found for DNA of cells from class B, but was present in DNA from class C-cells. Hybridization with pfdA31-DNA produced a signal only for DNA from class C-cells indicating the persistence of this plasmid as a cointegrate of pfdA31-FA33. The data for class A support the Table 4 ); lanes 4-6, DNA from colonies with transposition (class B in Table 4 ); lanes 7-9, DNA from colonies with cointegrate formation (class C in Table 4 ). Markers were £coRI-cleaved plasmid pfdA31-FA83: *, 11 kb band consisting of a 5.2 kb £coRI-fragment and transposon Tn5 (5.7 kb); o, position of linearized plasmid pfdA31.
occurrence of homologous recombination and for class B of independent transposition. A low possibility of gene disruption, which would cause cointegrates of an EPS"-phenotype, was not observed.
By passaging a mutant characterized as a cointegrate in liquid medium, resolution was found for some of the cells (Table 5 , lower panel). There was a strong preference to resolve the cointegrate into the wild type form rather than into the A33-mutant configuration. In summary, the ability to resolve the cointegrate confirmed the genetic data and the hybridization results, which show integration of plasmid pfdA31-FA33 into the chromosome of E.amylovora strain Eal/79.
CONCLUSIONS
Transposon-mediated mutagenesis of E.amylovora strains and also of E.coli strains can be efficiently done by electroporation with the suicide plasmid pfdA31-Tn5. Although we have not extensively screened the insertion efficiency of many strains from these two species, it seems to vary somewhat depending on the isolate or the genetic background. The practical use for mutagenesis in E.amylovora was demonstrated by creating mutants in the ga/E-gene and for bacterial synthesis of the phytotoxin dihydrophenylalanine. For homologous recombinations in E.amylovora, plasmid pfdA31 was useful to transfer a mutation in a gene for EPS-synthesis of strain Ea7/74 into strain Eal/79. A similar approach was used for site-directed mutagenesis in A. tumefaciens (21) . Because the pfdA plasmids are high-copy number vectors they can be conveniently prepared from E.coli strains expressing fd gene 2-protein and applied for mutagenesis by electroporation.
